Introduction
Obesity has reached epidemic proportions in the United States and worldwide, and is associated with increased risk for type 2 diabetes, nonalcoholic fatty liver disease (NAFLD), atherosclerotic disease, sleep apnea, and cancer (1-3). Metabolic disorders resulting from NAFLD are a global health burden affecting approximately 20%-30% of the population in Western countries, and its prevalence reaches up to approximately 85% in patients with obesity or type 2 diabetes (4, 5) . Given the significant increase in the prevalence of obesity, identifying new insights into the etiopathogenesis of obesity-induced fatty liver disease is of key interest (6) (7) (8) .
The liver is a critical metabolic organ that is essential for maintenance of whole-body glucose and lipid homeostasis (9) . Dysregulation of liver functions leads to insulin resistance, which progresses to type 2 diabetes that is often associated with obesity and metabolic disease (9, 10) . Particularly, when the rates of lipid inflow and de novo synthesis (lipogenesis) exceed those of lipid oxidation and release, excessive lipid levels begin to accumulate in the liver cells, resulting in NAFLD (11, 12) . Thus, it is clear that a key pathological feature of NAFLD is the accumulation of excess triglycerides in hepatocytes. However, the cellular mechanism behind this regulation remains unclear, and this has been an important subject in the field.
Rho-kinase (ROCK) isoforms, ROCK1 and ROCK2, have been implicated in a variety of cellular functions, including smooth muscle contraction, actin cytoskeleton organization, cell adhesion and motility, and gene expression, all of which may be involved in the pathogenesis of metabolic-related diseases, including hypertension, arteriosclerosis, and diabetes (13) (14) (15) (16) (17) (18) (19) . Emerging data Obesity is a major risk factor for developing nonalcoholic fatty liver disease (NAFLD). NAFLD is the most common form of chronic liver disease and is closely associated with insulin resistance, ultimately leading to cirrhosis and hepatocellular carcinoma. However, knowledge of the intracellular regulators of obesity-linked fatty liver disease remains incomplete. Here we showed that hepatic Rho-kinase 1 (ROCK1) drives obesity-induced steatosis in mice through stimulation of de novo lipogenesis. Mice lacking ROCK1 in the liver were resistant to diet-induced obesity owing to increased energy expenditure and thermogenic gene expression. Constitutive expression of hepatic ROCK1 was sufficient to promote adiposity, insulin resistance, and hepatic lipid accumulation in mice fed a high-fat diet. Correspondingly, liver-specific ROCK1 deletion prevented the development of severe hepatic steatosis and reduced hyperglycemia in obese diabetic (ob/ob) mice. Of pathophysiological significance, hepatic ROCK1 was markedly upregulated in humans with fatty liver disease and correlated with risk factors clustering around NAFLD and insulin resistance. Mechanistically, we found that hepatic ROCK1 suppresses AMPK activity and a ROCK1/AMPK pathway is necessary to mediate cannabinoid-induced lipogenesis in the liver. Furthermore, treatment with metformin, the most widely used antidiabetes drug, reduced hepatic lipid accumulation by inactivating ROCK1, resulting in activation of AMPK downstream signaling. Taken together, our findings establish a ROCK1/AMPK signaling axis that regulates de novo lipogenesis, providing a unique target for treating obesity-related metabolic disorders such as NAFLD.
Rho-kinase/AMPK axis regulates hepatic lipogenesis during overnutrition Hu Figure 2E ). Notably, there was no statistical difference in energy expenditure between the 2 groups, after adjustment for body weight (P = 0.2526 by an ANCOVA analysis), indicating that difference in VO 2 consumption could be due to differences in body weight. There was a marked increase in locomotor activity when hepatic ROCK1 was absent ( Figure 2F ). We further explored the mechanism by which hepatic ROCK1 increases energy expenditure by determining thermogenic gene expression in brown adipose tissue (BAT) and white adipose tissue (WAT). Importantly, deletion of hepatic ROCK1 significantly increased mRNA levels of thermogenic genes in BAT, including Pgc1a, Ucp1, Cox7a1, Cox8b, and Elovl3 ( Figure 2G , left panel). In WAT of L-ROCK1 -/-mice, gene expression of Cox8b was greatly increased ( Figure 2G , right panel). Moreover, in L-ROCK1 -/-mice fed a normal chow diet, gene expression of Pgc1a increased in BAT compared with control mice (Supplemental Figure 1M ). These data demonstrate that increased energy expenditure caused by hepatic ROCK1 deficiency could be explained by upregulation of thermogenic gene expression, at least in part.
L-ROCK1 -/-mice fed an HFD were insulin sensitive, evidenced by a significant decrease in blood glucose levels after insulin injection, whereas in control mice, glucose levels failed to decrease after insulin injection ( Figure 2H ). Glucose tolerance was enhanced in L-ROCK1 -/-mice, as indicated by the decreased area under the glucose curve during the glucose tolerance test ( Figure 2I ). These effects were accompanied by lower insulin and glucose levels ( Together, these data demonstrate that genetic disruption of the ROCK1 gene in the liver prevents diet-induced obesity and normalizes insulin sensitivity in a setting of excessive dietary fatty acid intake. Thus, our studies suggest that hepatic ROCK1 promotes adiposity and insulin resistance during overnutrition.
Hepatic ROCK1 regulates de novo lipogenesis. Because obesity triggers hepatic steatosis (11, 12) , we hypothesized that hepatic ROCK1 deficiency prevents the development of hepatic steatosis induced by high-fat feeding. Consistent with our hypothesis, we found that the liver weight and its triglyceride and cholesterol load decreased in L-ROCK1 -/-mice compared with control mice ( Figure  3 , A-C). These data were further confirmed by histological analysis ( Figure 3D ), highlighting a novel role for ROCK1 in developing hepatic steatosis in the context of obesity.
We next investigated cellular mechanisms for the effects of ROCK1 on hepatic lipid accumulation. The in vivo fractional rate of de novo lipogenesis -determined by 2 H NMR analysis of positional 2 H-enrichment -markedly diminished in the liver of L-ROCK1 -/-mice fed an HFD compared with control mice, with normal glycerol formation ( Figure 3E ). In this experiment, body weight-matched animals (control, 32.8 ± 1.9 g, vs. L-ROCK1 -/-, 32.2 ± 1.3 g, P = NS) were used to rule out the secondary effect of body weight on de novo lipogenesis. Moreover, we found that L-ROCK1 -/-mice fed a normal chow diet had a reduced fractional rate of de novo lipogenesis and decreased hepatic triglyceride and demonstrate that ROCKs also play a role in regulating glucose metabolism, insulin signaling, and energy metabolism in cultured cells and in animals as well as humans (20) . In particular, our previous work suggests the necessity of hypothalamic ROCK1 action in body weight homeostasis, as evidenced by the fact that genetic disruption of ROCK1 in hypothalamic arcuate neurons promotes feeding behavior and adiposity by regulating leptin receptor signaling (17, 21) . In contrast, adipose-specific deletion of ROCK1 has no effect on adiposity but improves insulin sensitivity in mice with obesity induced by high-fat feeding (18) . However, knowledge of the physiological roles of ROCK1 in liver metabolism is limited. Therefore, we investigated the role and regulation of hepatic ROCK1 in obesity-linked metabolic disorder.
Results
Expression and activity of hepatic ROCK isoforms abnormally increase in mice with obesity and in humans with fatty liver. Abnormalities in ROCK expression or activity are associated with numerous metabolic-related disorders, including obesity (20) . We first tested the possibility that increased activation of ROCK isoforms is involved in insulin resistance and fatty liver diseases. Hepatic ROCK1 protein levels were elevated 1.5-fold in mice fed a high-fat diet (HFD) compared with lean, insulin-sensitive control mice ( Figure 1A ). The catalytic activity of hepatic ROCK1 was greatly increased, 107% in HFD-fed mice, 77% in ob/ob mice, and 68% in db/db mice, compared with controls ( Figure 1, B-D) . Consistently, hepatic ROCK1 protein levels also increased 2.2-fold in humans with fatty liver disease compared with healthy controls ( Figure 1E ). Importantly, hepatic ROCK1 expression strongly correlated with risk factors clustering with fatty liver diseases or liver damage ( Figure 1F ). BMI, serum triglyceride, alanine transaminase, aspartate transaminase, and gamma-glutamyltransferase (GGP) levels and hepatic lipid accumulation were significantly higher in patients with fatty liver disease compared with healthy individuals (Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI63562DS1; and Figure 1G ). Together, these data suggest that upregulation of hepatic ROCK1 might contribute to the progression of obesity-associated NAFLD.
Hepatic ROCK1 deficiency ameliorates obesity-induced metabolic disorders in mice with diet-induced obesity. We investigated the physiological function of hepatic ROCK1 by studying liverspecific ROCK1-deficient mice (L-ROCK1 -/-). We confirmed that ROCK1 was selectively deleted in the liver with no increase in ROCK2 expression (Supplemental Figure 1A) . Hepatic ROCK1 activity was decreased by approximately 80% in L-ROCK1 -/-mice compared with control mice, whereas hepatic ROCK2 activity was normal (Supplemental Figure 1B) . Under a normal chow diet, hepatic ROCK1 deletion had no effects on body weight, fat mass, daily food intake, and cholesterol, but improved glucose metabolism and insulin sensitivity (Supplemental Figure 1 , C-K). Gene expression of mitochondrial DNA-encoded OXPHOS complex subunits was not different between control and L-ROCK1 -/-mice fed a normal chow diet (Supplemental Figure 1L) . Interestingly, however, deficiency of hepatic ROCK1 prevented HFD-induced obesity because of a marked decrease in fat mass (Figure 2 , A-C). While there was no difference in food intake between the 2 groups ( Figure 2D ), L-ROCK -/-mice consuming an HFD had higher ener-jci.org Volume 128 Number 12 December 2018
that the differentially expressed genes in the liver between control and L-ROCK1 -/-mice were mainly involved in metabolic processes, including lipid metabolic process (Supplemental Figure  3 , A and B). Hepatic lipid biosynthetic process was significantly affected by the downregulated genes in L-ROCK1 -/-mice, and a subset of those genes were known as targets of SREBP-1c (Supplemental Figure 3 , C-E).
Collectively, our data clearly suggest that the major mechanism by which deletion of hepatic ROCK1 reduces hepatic steatosis could be through suppression of de novo lipogenesis, resulting from reduced gene expression of lipogenic enzymes. This effect appeared to be independent of body weight. Thus, we identified hepatic ROCK1 as an important regulator of lipid metabolism and cholesterol levels (Figure 3 , F and G). However, loss of ROCK1 had no effect on fatty acid oxidation and fatty acid uptake in hepatocytes and triglyceride secretion (Figure 3 , H-J), suggesting a specific role for hepatic ROCK1 in regulating de novo lipogenesis.
In parallel, gene expression of key molecules involved in lipogenesis, including Fas, Scd1, Srebp1c, and Elovl2, decreased in the liver of L-ROCK1 -/-mice ( Figure 3K ). However, no change of gene expression involved in gluconeogenesis (Pepck and G6Pase), glycolysis (GK and L-PK), fatty acid oxidation (Cpt1 and Ppara), and uptake (CD36) was found ( Figure 3K ). Under a normal chow diet, L-ROCK1 -/-mice displayed lower gene expression of hepatic lipogenic enzymes compared with control mice (Supplemental Figure  1N) . Furthermore, gene expression microarray analysis revealed ) mice fed an HFD (n = 6−10 per group for H-L). Mice were fed an HFD from 6 weeks of age. Epi, epididymal fat; Peri, perirenal fat; Mes, mesenteric fat; AAC, area above the curve; AUC, area under the curve. O 2 consumption and locomotor activity were assessed by CLAMS at 18 weeks of age. Thermogenic gene expression was measured from overnight-fasted mice at 22 weeks of age. ITT and GTT were performed at 16−17 weeks of age. Serum parameters were measured from overnight-fasted mice at 18 weeks of age. Values are means ± SEM. *P < 0.05 vs. control, **P < 0.01 vs. control by unpaired Student's t test. jci.org
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increased blood glucose levels and gene expression of lipogenic enzymes such as Fas and Scd1 (Supplemental Figure 4 , B-D) were noted. However, L-CA-ROCK1 mice displayed obesity, insulin resistance, and increased hepatic lipid content in response to an HFD ( Figure 4 , A-E). These effects were accompanied by rises in blood glucose levels, serum insulin, serum triglyceride, and cholesterol levels ( Figure 4 , F-I). Oxygen consumption and locomotor activity were unchanged between control and L-CA-ROCK1 mice (Supplemental Figure 4 , E and F). Expression of thermogenic genes such as Ucp1 and Pgc1a was greatly reduced in BAT of L-CA-ROCK1 mice compared with control mice ( Figure 4J ). Gene further implicated that inhibition of hepatic ROCK1 could be a novel therapeutic target for the treatment of NAFLD. Activation of hepatic ROCK1 promotes insulin resistance and fatty liver in mice with diet-induced obesity. We further tested the hypothesis that hyperactivity of hepatic ROCK1 is sufficient to cause insulin resistance, obesity, and hepatic steatosis in an overnutritional state. We studied mice expressing a constitutively active (CA) mutant of ROCK1 in the liver, in which ROCK1 activity was increased approximately 2-fold but ROCK2 activity was normal (Supplemental Figure 4A) . Under a normal chow diet, hepatic ROCK1 activation had no effects on body weight, but expression of Pgc1a was also diminished in WAT of L-CA-ROCK1 mice. These data could partially explain the obesity phenotype of L-CA-ROCK1 mice. Moreover, activation of hepatic ROCK1 caused an increase in gene expression of key lipogenic enzymes but had no effect on gene expression involved in fatty acid oxidation and fatty acid uptake ( Figure 4K ). Together, these data suggest that activation of hepatic ROCK1 is sufficient to promote insulin resistance and hepatic steatosis in mice with diet-induced obesity. Thus, our studies, combined with the results of L-ROCK1 -/-mice, clearly demonstrate that hepatic ROCK1 is critical in the regulation of glucose and lipid homeostasis in the context of obesity-linked metabolic disorders.
Liver-specific deletion of ROCK1 protects hepatic steatosis in ob/ob mice. Given that ROCK1 drives hepatic lipogenesis, we further tested whether inactivation of hepatic ROCK1 can protect the development of hepatic steatosis in ob/ob mice, characterized by , H&E-stained liver sections (n = 3 per group) (E), random blood glucose (16 weeks of age) (F), serum insulin (G), serum triglycerides (H), serum cholesterol (I), thermogenic gene expression in BAT and epididymal WAT (n = 5-7 per group) (J), and gene expression of key molecules involved in lipogenesis, gluconeogenesis, glycolysis, fatty acid oxidation, and uptake (n = 5-7 per group) (K) were measured in CA-ROCK1 (control) and albumin-Cre;CA-ROCK1 (L-CA-ROCK1) mice fed an HFD. Mice were fed an HFD from 6 weeks of age. Serum and hepatic parameters were measured from overnight-fasted mice at 18 weeks of age (n = 9−10 for group). Thermogenic gene expression was measured from overnight-fasted mice at 18 weeks of age. Scale bars: 100 μm. Values are means ± SEM. *P < 0.05 vs. control, **P < 0.01 vs. control by unpaired Student's t test. jci.org
Volume 128 Number 12 December 2018 obesity, insulin resistance, and fatty liver. Hepatic ROCK1 activity was significantly increased but hepatic ROCK2 activity was intact in ob/ob mice (Supplemental Figure 5 ). The high levels of blood glucose and serum insulin in ob/ob mice were markedly reduced by hepatic ROCK1 deficiency ( Figure 5 , A and B). When insulin sensitivity was expressed as the glucose × insulin product, ob/ob mice lacking hepatic ROCK1 displayed lower values than ob/ob mice, indicating that insulin sensitivity is improved in these mice ( Figure 5C ). The contents of hepatic triglyceride and cholesterol significantly decreased in ob/ob mice lacking hepatic ROCK1 compared with ob/ob mice. These data were further confirmed by H&E liver staining ( Figure 5 , D-F). Correspondingly, hepatic ROCK1 deletion specifically decreased gene expression of key molecules relating to lipogenesis but not gluconeogenesis, glycolysis, fatty acid oxidation, and uptake in the liver of ob/ob mice ( Figure 5G ). However, hepatic deficiency of ROCK1 in ob/ob mice had no effect on body weight, serum triglyceride, and cholesterol in comparison with ob/ob mice ( Figure 5 , H-J). Collectively, our current data suggest that hepatic inactivation of ROCK1 is required to protect from hepatic steatosis and insulin resistance, further highlighting the importance of ROCK1 action in hepatic function and metabolism. Hepatic ROCK1 activation is required for endocannabinoiddependent lipogenesis. The endocannabinoid system has been implicated in the pathogenesis of fatty liver diseases induced by obesity (22) . Thus, we tested the possibility that ROCK1 is involved in the endocannabinoid/CB1-dependent stimulation of hepatic lipogenesis. Treatment with anandamide (AEA) or 2-arachidonylglycerol (2-AG) stimulated ROCK1 activity in the Figure 5 . Deleting hepatic ROCK1 inhibits development of hepatic steatosis in ob/ob mice. Blood glucose (n = 8−10 per group) (A), serum insulin (n = 6−11 per group) (B), glucose × insulin (n = 6−11 per group) (C), liver triglycerides (n = 6−13 per group) (D), liver cholesterol (n = 6−13 per group) (E), the image of H&E-stained liver sections (n = 3 per group) (F), gene expression of key molecules in lipogenesis, gluconeogenesis, glycolysis, fatty acid oxidation, and uptake (n = 5−10 per group) (G), body weight (H), serum triglyceride (I), and serum cholesterol (n = 9−13 per group) (
:ob/ob mice at 14 weeks of age. Blood glucose levels were measured from random-fed mice. Serum and hepatic parameters were measured from overnight-fasted mice. Scale bars: 100 μm. Values are means ± SEM. *P < 0.05, **P < 0.01 vs. control, Metformin suppresses hepatic lipogenesis via inhibition of ROCK1. Metformin, an oral antidiabetic agent, has glucose-lowering and insulin-sensitizing effects by reducing hepatic glucose output (23) . Metformin was also shown to suppress hepatic steatosis by inhibiting SREBP activation, which is directly phosphorylated by AMPK (24) . As expected, metformin treatment ameliorated diet-induced obesity and insulin resistance and suppressed hepatic glucose output in mice (Supplemental Figure 7 , A-C). Metformin also normalized HFD-induced hyperglycemia and hyperinsulinemia ( Figure  7, A and B) . HFD decreased hepatic AMPK activity, and this reduction was markedly rescued by metformin ( Figure 7C ). Interestingly, we found that metformin prevented the HFD-mediated induction of hepatic ROCK1 activity and of lipogenic gene expression to normal levels, and reduced HFD-induced lipid accumulation in the liver (Figure 7 , D-G, and Supplemental Figure 7D ). Gene expression of Cpt1 and Ppara was unaltered ( Supplemental Figure 7E) . Consistently, treatment of hepatocytes with metformin greatly decreased lipogenic rate, ROCK1 activity, and lipogenic gene expression but increased APMK activity (Figure 7 , H-J, and Supplemental Figure 7F ). In ROCK1-deficient hepatocytes, metliver and HepG2 cells ( Figure 6A ), indicating that ROCK1 is a downstream component of cannabinoid signaling. Concurrently, 2-AG-induced hepatic AMPK activity was greatly suppressed in control mice but unaltered in L-ROCK1 -/-mice ( Figure 6B ). In line with these observations, the experimental evidence that AMPK activity was increased by ROCK1 deficiency but decreased by ROCK1 activation further suggests a negative regulation of ROCK1 on AMPK ( Figure 6C ).
Administration of 2-AG led to a significant increase in gene expression of lipogenic enzymes in control mice. However, these effects were impaired in L-ROCK1 -/-mice ( Figure 6D ). Although gene expression of G6Pase and Ppara was increased by 2-AG in control mice, 2-AG treatment had no effects on hepatic gene expression of key enzymes relating to gluconeogenesis, glycolysis, fatty acid oxidation, and uptake in control versus L-ROCK1 -/-mice (Supplemental Figure 6A) . Similar results were observed in isolated primary hepatocytes from L-ROCK1 -/-mice ( Figure 6E and Supplemental Figure 6B) , supporting a direct effect of ROCK1 on the lipogenic response. Consistent with these results, the 2-AGstimulated lipogenic rate was markedly inhibited in the absence of ROCK1 in hepatocytes ( Figure 6F ). These data clearly suggest that activation of hepatic ROCK1 is required for the control of canna- of knowledge regarding hepatic metabolism. Thus, we designed the current study to investigate the physiological role of hepatic ROCK1 in the regulation of glucose and lipid metabolism, with particular emphasis on the metabolic actions of ROCK1 in the context of obesity-induced metabolic disorders. Although ROCK1 has not previously been suspected to participate in the control of hepatic metabolism, our data clearly suggest the necessity of hepatic ROCK1 action in the regulation of adiposity and hepatic fatty acid synthesis by increasing energy expenditure and decreasing de novo lipogenesis under high-fat feeding. Thus, we identify ROCK1 as a key regulator of hepatic fuel metabolism that may lead to new treatment approaches for obesity-induced metabolic disease, including NAFLD. Interestingly, the current study found that loss of hepatic ROCK1 prevents diet-induced obesity in mice. The underlying mechanism for this is presently unclear, but a liver-derived metabolic signal caused by ROCK1 deletion could be involved. Numerous studies suggest that liver-released proteins, now known as hepatokines, can directly affect glucose and lipid metabolism in adipose tissue, liver, and muscle in a paracrine or autocrine fashion (27) . Among hepatokines, FGF21 has been shown to be involved in the regulation of energy metabolism by inducing thermogenic gene expression and a brown fat-like phenotype in white adipocytes (28, 29) . DNA microarray analysis found that selective deletion of hepatic ROCK1 increases FGF21 gene expression approximately 2-fold in the liver (not shown). It is thus possible that increased FGF21 level in the absence of hepatic ROCK1 leads to activation of BAT and induction of browning, thereby increasing thermogenic activity. Indeed, a marked increase in thermogenic gene expression in BAT and WAT was seen in L-ROCK1 -/-mice. As a result, energy expenditure is increased and adiposity is diminished.
Emerging data from several reports demonstrate that ROCK inhibition has beneficial effects on various metabolic-related disorders, including fatty liver diseases (30-33). Treatment of animals fed a choline-deficient, l-amino acid-defined diet with a ROCK formin's ability to increase AMPK activity and to suppress lipogenic gene expression was blocked ( Figure 7 , K and L). Moreover, metformin had no effects on blood glucose level, AMPK activity, and lipogenic gene expression in L-CA-ROCK1 mice fed an HFD (Figure 7, M-O) . Together, these data clearly demonstrate that ROCK1 mediates metabolic action of metformin, which triggers activation of AMPK and ultimately decreases lipid synthesis.
Hepatic AMPK functions as a downstream mediator of ROCK1 in lipogenesis.
To further determine whether hepatic AMPK plays an important role for the regulation of lipogenesis resulting from genetic manipulation of ROCK1, we directly inhibited or promoted AMPK activity in isolated primary hepatocytes from L-ROCK1 -/-or L-CA-ROCK1 mice fed a normal chow diet, respectively. Consistent with our data, ROCK1-deficient hepatocytes had lower basal lipogenic gene expressions compared with control hepatocytes ( Figure 8A ). As expected, treatment with the AMPK inhibitor compound C notably increased gene expression of key lipogenic enzymes, including Fas, Scd1, Acc, and Srebp1c, in control hepatocytes ( Figure 8A ). Similar but much lesser effects were found in ROCK1-deficient hepatocytes ( Figure 8A ). Conversely, in primary hepatocytes from control or L-CA-ROCK1 mice, reciprocal changes were seen, i.e., AICAR-stimulated lipogenic gene expressions were decreased ( Figure 8B ). Gene expression of Acc was increased in the basal state in hepatocytes from L-CA-ROCK1 mice compared with control hepatocytes ( Figure 8B ). Collectively, these results clearly suggest that hepatic AMPK is critical for ROCK1-mediated lipogenesis as a downstream regulator of ROCK1.
Discussion
Defects in hepatic lipogenic pathways are often found in pathological states such as obesity and type 2 diabetes, resulting in elevated de novo lipogenesis that could contribute to lipid accumulation and NAFLD (25, 26) . Over the past decade, we have greatly increased our understanding of the pathogenesis of obesity-related diseases such as NAFLD (10) . However, the prevalence of this disease has dramatically increased worldwide because of lack -/-mice fed a normal chow diet treated with compound C (n = 5-7). (B) Gene expression of lipogenic enzymes was measured in isolated primary hepatocytes from control and L-CA-ROCK1 mice fed a normal chow diet treated with AICAR (n = 3-6). Mice were studied at 8−9 weeks of age. Values are means ± SEM. *P < 0.05, **P < 0.01 vs. vehicle, † P < 0.05, ‡ P < 0.01 vs. control by ANOVA with Fisher's PLSD. jci.org Volume 128 Number 12 December 2018 hepatic ROCK2's role in glucose and lipid metabolism, it is important to determine the physiological roles of ROCK2 isoforms in the liver and other metabolic tissues. The fact that hepatic ROCK1 deletion in ob/ob mice decreased hepatic lipid amount without body weight changes supports the concept that reduced hepatic lipid accumulation in obese mice is not always accompanied by decreased adiposity (35, 36) . Consistent with this, experimental evidence demonstrated that suppression of SREBP1c signaling in ob/ob mice by deletion of SCAP, an escort protein necessary for the generation of nuclear isoforms of all 3 SREBPs, rescues hepatic steatosis independent of adiposity (35) . Moreover, ob/ob mice lacking liver X receptors displayed decreased hepatic steatosis and improved insulin sensitivity without an effect on body weight (36) . Notably, this study excluded the secondary effects of adiposity on hepatic lipid accumulation by conducting experiments when body weights were not different between ob/ob mice and ob/ob mice lacking hepatic ROCK1. However, we cannot rule out the possibility that ob/ob mice lacking hepatic ROCK1 could fail to develop obesity when they are aging, while having further decreased hepatic lipid accumulation secondarily. Nevertheless, a limitation of the current study is a lack of full analysis of energy metabolism from these models, including adiposity, food intake, and energy expenditure.
Obesity-induced NAFLD is characterized by increased levels of the liver-derived endocannabinoids anandamide (AEA) and chemical inhibitor (Y-27632) improved hepatic fibrosis and steatosis (31) . Moreover, a study with an acute liver injury animal model revealed that administration of the ROCK inhibitor HA-1077 (fasudil) resulted in improvement of liver fibrosis and prevented hepatocyte damage in response to carbon tetrachloride (32) . Support for this comes from the notion that ROCK phosphorylation in the liver greatly increased in animals with NASH, but this effect was normalized by treatment with the ROCK inhibitor HA-1077 (33). These observations, combined with our findings that hepatic ROCK1 deficiency ameliorates hepatic steatosis in mice fed an HFD and in genetically obese mice, demonstrated that ROCK1 plays an important role in the maintenance of hepatic lipid homeostasis. Importantly, the physiological mechanism for this regulation is likely due to decreased de novo lipogenesis, resulting from reduced gene expression of key enzymes involved in lipogenesis but not fatty acid oxidation and uptake and triglyceride secretion. This further suggests that hepatic ROCK1 may have a unique role in regulating de novo lipogenesis during metabolic overnutrition.
Given that the chemical ROCK inhibitors Y-27632 and HA-1077 potently inhibit the kinase activity of ROCK1 and ROCK2 isoforms by competing with ATP for binding to the catalytic site (34) , it is unclear that the aforementioned observations are due to the effects of ROCK1 or ROCK2 or both. However, our geneticengineering approach is highly selective, yielding a solid conclusion to the study. Because no information is available regarding Figure 9 . Proposed model for a role of ROCK1 in hepatic metabolism. Upon high-fat feeding, the endocannabinoids 2-AG and AEA are produced and released from hepatic stellate cells of the liver. Once endocannabinoids bind to a cannabinoid receptor (CB1) on the cell surface of hepatocytes, ROCK1 is rapidly activated and subsequently inhibits AMPK, leading to stimulation of the SREBP1c-mediated lipogenic pathway. As a result, hepatic lipid accumulates. In contrast, an antidiabetic drug, metformin, suppresses ROCK1 activity but stimulates AMPK activity, which contributes to decreased lipid accumulation in hepatocytes. Thus, we propose a novel signaling pathway for hepatic fatty acid synthesis that is regulated through a ROCK1-dependent mechanism, negatively engaged to AMPK. jci.org
(D12331, Research Diets) and housed under controlled temperatures at 22°C-24°C and 14-hour light/10-hour dark cycle. Male experimental animals were used for the current study.
Generation of liver-specific ROCK1-deficient mice and constitutively active ROCK-knockin mice. Mice bearing a loxP-flanked ROCK1 allele (ROCK1
loxP/loxP mice) were generated as described previously (17) .
Liver-specific ROCK1-deficient mice (albumin-Cre;ROCK1 :ob/ob mice. The ob allele was genotyped as described previously (43) . Experimental mice approximately 14 weeks old were studied.
Body composition and food intake. Mice were weighed at weaning (3 weeks) and weekly thereafter. Total fat mass and lean mass were assessed using EchoMRI (Echo Medical Systems). Fat pads were harvested and weighed. For measurement of daily food intake, male mice (at 12−14 weeks of age) were individually housed for 1 week prior to measurement of food intake. Food intake was then measured over a 7-day period. Food intake data for 7 days were combined, averaged, and analyzed by unpaired Student's t tests. For the analysis of food intake after fasting, after 1 week of an acclimatized period, mice were then acclimatized to feeding from 3 pellets (maximum ~9 g) each day for 3 days. To assess the exact amount of food intake, a white bedding paper under the food bowl was used to collect food wastage during the course of the food intake measurement. Uneaten food was collected and measured. This amount was excluded from the total amount of food intake.
Blood parameters. Blood was collected from random-fed or overnight-fasted mice (16−18 weeks of age). Blood glucose level was measured using a OneTouch Ultra glucose meter (LifeScan Inc.). Serum insulin and leptin were measured by ELISA (Crystal Chem Inc.). Serum total cholesterol and triglyceride levels were determined by an enzymatic method (Stanbio Laboratory). Serum free fatty acid was measured by an enzymatic method (Wako Diagnostics). HDL, LDL, and VLDL concentrations were measured as described previously (44) .
Glucose tolerance test, insulin tolerance test, and pyruvate tolerance test. For glucose tolerance tests, male mice were fasted overnight, and blood glucose was measured immediately before and 15, 30, 45, 60, 90, and 120 minutes after an i.p. injection of glucose (1.0 g/kg body weight). For insulin tolerance tests, food was removed for 5 hours in the morning, and blood glucose was measured immediately before and 15, 30, 45, 60, 90, and 120 minutes after an i.p. injection of human insulin (0.5 U/kg body weight for L-ROCK1 -/-mice and 0.75 U/kg body weight for L-CA-ROCK1 mice; Humulin, Eli Lilly). Area under the curve or above the curve for glucose or insulin was calculated using the trapezoidal rule for glucose or insulin data (13). For pyruvate tolerance tests, male mice were fasted overnight, and blood glucose was 2-arachidonylglycerol (2-AG) in animal models and obese humans (37, 38) , both of which are ligands of the CB1 receptor and stimulate CB1 signaling in the liver that accelerates de novo lipogenesis (22, 39) . Endocannabinoids have been found to inhibit hepatic AMPK activity, leading to increased SREBP1c activation, which contributes to the development of hepatic steatosis in mice with diet-induced obesity (24, 40) . In addition to this context, we first demonstrated that hepatic ROCK1 is rapidly activated in response to endocannabinoids. In the liver, AMPK activity increases when ROCK1 is absent but decreases when ROCK1 is active, suggesting a negative regulation of ROCK1-to-AMPK signaling. Furthermore, hepatic ROCK1 activation is required for the regulation of endocannabinoid-stimulated de novo lipogenesis. Based on these results, we propose a hypothesis for the involvement of ROCK1 in endocannabinoid-induced fatty acid synthesis. Obesityderived endocannabinoids activate ROCK1 in the liver, which in turn inhibits AMPK activity, resulting in an increased SREBP1c-mediated lipogenic pathway that drives hepatic lipid accumulation. Thus, we establish a novel signaling pathway for cannabinoid stimulation of fatty acid synthesis that is regulated through a ROCK1-dependent mechanism negatively engaged to AMPK. Metformin-induced AMPK activation has been proposed as a regulatory mechanism that underlies the suppression of hepatic glucose production in an insulin-resistant state, thereby leading to improved glucose homeostasis (23) . Metformin also reduced hepatic lipid accumulation via AMPK (40) . Yet the upstream signaling pathways for metformin-induced AMPK activation in hepatic metabolism have not been elucidated. Here we demonstrate that metformin activates AMPK in the liver and isolated hepatocytes by inhibiting ROCK1 activity. Furthermore, ROCK1 deletion blocks metformin's ability to stimulate AMPK and to suppress lipogenic gene expression. In this regard, the important role of AMPK in regulating lipogenesis, as a downstream effector of ROCK1, is demonstrated by studies showing that modulation of AMPK activity affects lipogenic gene expression regardless of the conditions in which ROCK1 is absent or activated. Thus, our data suggest that hepatic ROCK1→AMPK signaling is a key determinant of hepatic fatty acid synthesis, modulated by metabolic positive or negative stimuli. The molecular mechanism of how ROCK1 inhibits AMPK activity remains unclear, but it is unlikely that ROCK1 directly controls AMPK activity, as no physical interaction of these molecules was found (not shown).
In conclusion, this study clearly demonstrates that ROCK1 regulates hepatic de novo lipogenesis and is a major link between obesity, insulin resistance, and fatty liver disease. Our data also underscore the key role of endocannabinoid (or metformin) → CB1 (or OCT1) → ROCK1 → AMPK signaling in hepatic fuel homeostasis, and dysregulation of this axis results in metabolic disorders such as NAFLD (Figure 9) . Thus, our studies identify hepatic ROCK1 as a principal regulator of lipid metabolism and further implicate that inhibition of hepatic ROCK1 could be a novel therapeutic target for the treatment of NAFLD, which has become a worldwide health-threatening epidemic (41) .
Methods
Animal studies. The mice were fed normal chow (Teklad F6 Rodent Diet 8664, Harlan Teklad) or a high-fat diet (HFD) with 58% kcal in fat jci.org Volume 128 Number 12 December 2018
Liver histology and lipid assay. The liver was fixed with 4% paraformaldehyde, embedded in paraffin, and stained with H&E. Liver lipids were extracted using chloroform/methanol (2:1) as a solvent. Total cholesterol and triglyceride content of the liver were determined by an enzymatic method (Stanbio Laboratory).
Endocannabinoid injection. Male ROCK1 loxP/loxP (control) and albu-
) mice (10 weeks of age) fed a normal chow diet were fasted overnight. Mice were injected i.p. with 2-AG (10 mg/kg; Tocris Bioscience), AEA (10 mg/kg; Cayman Chemical), or vehicle, and scarified 15 minutes later for ROCK1 activity, 1 hour later for α2AMPK activity, or 4 hours later for gene expression. The liver was rapidly removed and stored at -80°C until analysis.
Metformin treatment. Male C57BL/6 mice were purchased from The Jackson Laboratory. Mice (6 weeks of age) were fed an HFD for 14 weeks and treated with insulin-sensitizer metformin at a dose of 250 mg per kilogram of body weight per day for 4 weeks and of 500 mg per kilogram of body weight per day for 8 weeks, by drinking water with an HFD. Mice fed a normal chow diet were also treated with a vehicle and used as a normal control group. For the study of L-CA-ROCK1 mice, mice (6 weeks of age) were fed an HFD for 8 weeks and treated with insulin-sensitizer metformin at a dose of 250 mg per kilogram of body weight per day for 10 weeks.
ROCK isoform activity assay. Tissue lysates (300−500 μg protein) or cell lysates (100 μg protein) were subjected to immunoprecipitation overnight with 1 μg of a specific ROCK1 (C-19, sc-6055, Santa Cruz Biotechnology) or ROCK2 antibody (C-20, sc-1851, Santa Cruz Biotechnology), coupled with protein G-Sepharose beads (GE Healthcare). Immune pellets were washed and resuspended in 50 μl of kinase mixture. ROCK isoform activities were measured as described previously (21) .
α2AMPK activity assay. Liver lysates (500 μg protein) or hepatocyte lysates (100 μg protein) were subjected to immunoprecipitation overnight with 1 μg of a specific α2AMPK antibody (ab3760, Abcam), coupled with protein G-Sepharose beads (GE Healthcare). Immune pellets were washed and resuspended in 50 μl of kinase mixture. AMPK activity was measured as described previously (49) .
Immunoblotting analysis. Tissues were homogenized in lysis buffer as described previously (15) . Tissue lysates (20-50 μg protein) were resolved by SDS-PAGE and transferred to nitrocellulose membranes. The membranes were incubated with polyclonal antibodies against ROCK1 (H-85, sc-5560, Santa Cruz Biotechnology), ROCK2 (H-85, sc-5561, Santa Cruz Biotechnology), α2AMPK (Abcam), and actin (C-11, sc-1615, Santa Cruz Biotechnology). The bands were visualized with enhanced chemiluminescence and quantitated by densitometry.
Quantitative real-time PCR. Total RNA from liver or isolated primary hepatocytes was extracted using TRIzol reagent (Invitrogen) and subjected to quantitative real-time PCR as described previously (18) . Relative gene expression was calculated with the ΔΔCT method with 18S ribosomal RNA normalization, using Rotor-Gene 6000 real-time rotary analyzer software (version 1.7, Corbett Life Science). Gene-specific primer sequences are listed in Supplemental Table 2 .
Transmission electron microscopy analysis. The liver was fixed in 1% glutaraldehyde and washed with 0.1 M cacodylate buffer. After washing, the liver tissue was postfixed with 1% OsO 4 in an 0.1 M cacodylate buffer (pH 7.2) containing 0.1% CaCl 2 for 1 hour. Samples were embedded in EMbed 812 (Electron Microscopy Sciences) after serial ethanol dehydration and propylene oxide treatment. The resin was measured immediately before and 15, 30, 45, 60, 90 , and 120 minutes after an i.p. injection of sodium pyruvate (2.0 g/kg body weight).
Energy expenditure. Energy expenditure was measured by assessment of oxygen consumption with indirect calorimetry. Individually housed male mice maintained on an HFD until 18 weeks of age were studied, using the Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instruments). Mice were acclimated in the CLAMS chambers for 72 hours before data collection. Mice had free access to food and water for the duration of the studies. During the course of energy metabolism measurements (O 2 and CO 2 ) using CLAMS, high variations (overlapping) of measurements emerged at individual time points between groups. This did not allow us to statistically analyze individual time points. To enhance statistical power of these measurements, we combined each value from individual time points and analyzed the data by unpaired Student's t tests comparing 2 groups. Daily VO 2 consumption and locomotor activity were calculated by the mean of 3 days' values. All data were normalized by body weight. ANCOVA analysis was performed using CalR (https://calrapp. org/) with body weight used as the covariate (45) .
Isolated hepatocyte studies. Primary hepatocytes were isolated from experimental animals fed either a normal chow diet or an HFD as described previously (46) . Isolated hepatocytes were plated at 5 × 10 5 per milliliter on rat tail collagen-coated plates (BD Biosciences) and allowed to adhere for 4 hours in William's E medium (Invitrogen). For fatty acid oxidation and uptake, hepatocytes from L-ROCK1 -/-mice fed an HFD were incubated with 62.5-500 μM 3 H-palmitate conjugated on BSA and carnitine (PerkinElmer) for 2 hours. The cultured media were delipidated, and the radioactivity of 3 H 2 O was measured for fatty acid oxidation. Intracellular lipids were extracted, and the radioactivity of 3 H was measured for fatty acid uptake (47) . For experiments for gene expression measurement, isolated hepatocytes from L-ROCK1 -/-mice or L-CA-ROCK1 mice fed a normal chow diet were incubated with 2-AG (10 μM), compound C (20 μM), or AICAR (500 μM) for 6 hours and harvested for mRNA extraction. For metformin studies, isolated primary hepatocytes from C57BL/6 mice fed a normal chow diet were treated with various doses of metformin (0-5 mM) for 3-6 hours. Lipogenic rates were measured as described previously (47 
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Mitochondrial DNA content. Genomic DNA was isolated from the liver. Quantitative real-time PCR was performed with a specific primer (12S rRNA, mitochondrial encoded, and 18S rRNA, nuclear encoded) to measure mitochondrial DNA content.
Microarray data analysis. Total RNA was isolated from the liver of control and L-ROCK1 -/-mice fed with a normal chow diet (16 weeks of age) using an RNeasy Mini kit (Qiagen). The total RNA was reverse-transcribed into cDNA, amplified, and then hybridized onto an Illumina MouseRef-8-v2-BeadChip gene expression array, according to the manufacturer's protocols. The array was then scanned using the BeadStation 500 System (Illumina) to quantify the signal of the probes. The log 2 intensities of all probes were normalized using the quantile normalization method, and then the "expressed genes" were defined across the samples using a Gaussian mixture modeling method as previously described (50) . Identification of differentially expressed genes. Among the expressed genes, we identified the differentially expressed genes in the comparison of control and L-ROCK1 -/-mice as described in an integrative statistical hypothesis testing method that computes adjusted P values by combining a 2-sample t test (Pt) and the mean ratio test (Pm) (51) . From the comparison, the list of differentially expressed gene candidates were first selected from the expressed genes as the ones with P < 0.05. To exclude false positives, the genes with Pm < 0.05 and Pt < 0.1 were further selected to filter the genes with a low level of mean difference between the groups and a high level of variance in the same group. The raw data were deposited into the Gene Expression Omnibus database (GEO GSE112548). Gene ontology analysis. To identify the cellular processes associated with the differentially expressed genes, we used DAVID Bioinformatics Resources 6.7 (52) . Level 1-4 Gene Ontology Biological Process terms were used for downstream analysis.
Human subject study. Ten participants (3 male, 7 female) who were diagnosed with metabolic syndrome and hepatic steatosis were chosen as an experimental group, whereas 9 participants (2 male, 7 female) who were diagnosed with hepatic hemangioma without hepatic steatosis were the control group. All patients were of Asian origin, took no medication, and provided informed consent before surgery. The preestablished exclusion criterion was severe liver disease, specifically HBV/HCV infection or malignant-tumor disease. All patients underwent surgery at Beijing Friendship Hospital, Capital Medical University. Briefly, participants in the experimental group underwent laparoscopic sleeve gastrectomy for metabolic syndrome. During the surgery, a liver biopsy, located on the right edge, was taken. Participants in the control group underwent laparoscopic partial hepatectomy: the hepatic hemangioma was excised with more than 3 cm normal liver tissue around it; then the liver biopsy, located on the edge of the normal liver, was taken. Surgeons used laparoscopic scissors for all participants to avoid electrothermal damage, and all samples were immediately flash-frozen in liquid nitrogen before storage at -80°C.
Histopathology in human liver tissue. H&E-stained sections (3 μm thick) and Oil Red O-stained sections (6 μm thick) of frozen liver
